INTRODUCTION
Plant extracts (PE) are secondary plant metabolites that can be naturally obtained from plant materials or chemically synthesized. Plant extracts have been of potential interest for a long time because of their antimicrobial (Baydar et al., 2004) , anti-inflammatory (Lang et al., 2004) , antioxidant (Dundar et al., 2008) , and antiviral (Sökmen et al., 2004) effects. Some previous studies reported that the supplementation of different PE improved growth performance and gut health ABSTRACT: A study was conducted to evaluate the effects of 3 different plant extracts on diarrhea, immune response, intestinal morphology, and growth performance of weaned pigs experimentally infected with a pathogenic F-18 Escherichia coli (E. coli). Sixty-four weaned pigs (6.3 ± 0.2 kg BW, and 21 d old) were housed in individual pens in disease containment chambers for 15 d: 4 d before and 11 d after the first inoculation (d 0). Treatments were in a 2 × 4 factorial arrangement: with or without an F-18 E. coli challenge (toxins: heatlabile toxin, heat-stable toxin b, and Shiga-like toxin 2; 10 10 cfu/3 mL oral dose; daily for 3 d from d 0) and 4 diets [a nursery basal diet (CON) or 10 ppm of capsicum oleoresin, garlic botanical, or turmeric oleoresin]. The growth performance was measured on d 0 to 5, 5 to 11, and 0 to 11. Diarrhea score (1, normal, to 5, watery diarrhea) was recorded for each pig daily. Frequency of diarrhea was the percentage of pig days with a diarrhea score of 3 or greater. Blood was collected on d 0, 5, and 11 to measure total and differential white blood cell counts and serum tumor necrosis factor (TNF)-α, IL-10, transforming growth factor (TGF)-β, C-reactive protein, and haptoglobin. On d 5 and 11, half of the pigs were euthanized to measure villi height and crypt depth of the small intestine and macrophage and neutrophil number in the ileum. The E. coli infection increased (P < 0.05) diarrhea score, frequency of diarrhea, white blood cell counts, serum TNF-α and haptoglobin, and ileal macrophages and neutrophils but reduced (P < 0.05) villi height and the ratio of villi height to crypt depth of the small intestine on d 5. In the challenged group, feeding plant extracts reduced (P < 0.05) average diarrhea score from d 0 to 2 and d 6 to 11 and frequency of diarrhea and decreased (P < 0.05) TNF-α and haptoglobin on d 5, white blood cell counts and neutrophils on d 11, and ileal macrophages and neutrophils on d 5. Feeding plant extracts increased (P < 0.05) ileal villi height on d 5 but did not affect growth performance compared with the CON. In the sham group, feeding plant extract also reduced (P < 0.05) diarrhea score, frequency of diarrhea, and ileal macrophages compared with the CON. In conclusion, the 3 plant extracts tested reduced diarrhea and inflammation caused by E. coli infection, which may be beneficial to pig health.
or reduced disease incidence of weaned pigs (Sads and Bilkei, 2003; Manzanilla et al., 2004; Michiels et al., 2010) , but other studies found no beneficial effects (Neill et al., 2006) . In our previous in vitro study, all 7 different PE tested, including the 3 PE tested here, had potential antiinflammatory effects on porcine cells, as all of them inhibited the secretion of tumor necrosis factor-α (TNF-α) from lipopolysaccharide (LPS)-stimulated porcine alveolar macrophages . Another experiment showed feeding 10 ppm of capsicum oleoresin, garlic botanical, or turmeric oleoresin enhanced immune responses and growth efficiency of porcine reproductive and respiratory syndrome virus (PRRSV)-infected weaned pigs (Liu et al., 2011a,b) .
Escherichia coli (E. coli) postweaning diarrhea is an important cause of death in weaned pigs. It is responsible for economic losses due to mortality, morbidity, decreased growth performance, and cost of medication (Nagy and Fekete, 2005) . The toxins secreted from E. coli affect not only the physiological characteristics of the small intestine (Nagy and Fekete, 2005) but also the immune system of weaned pigs (Raetz and Whitfield, 2002) . The objectives of this study were to investigate the effects of feeding PE-supplemented diets on small intestinal morphology of weaned pigs challenged with a pathogenic E. coli and to explore the effects of the PE on the disease resistance and immune responses of weaned pigs after E. coli challenge.
MATERIALS AND METHODS
The protocol for this experiment was reviewed and approved by the Institutional Animal Care and Use Committee of the University of Illinois at UrbanaChampaign. The experiment was conducted in the disease containment chambers of the Edward R. Madigan Laboratory building at the University of Illinois at Urbana-Champaign.
Animals, Housing, Experimental Design, and Diet
A total of 64 weaned piglets (21 d old) with an equal numbers of gilts and barrows (G-Performer boars × Fertilium 25 sows; Genetiporc Inc., Alexandria, MN) and 6.3 kg of initial BW were selected from the Swine Research Center of the University of Illinois at UrbanaChampaign. The sows and piglets used in this experiment did not receive E. coli vaccines, antibiotic injections, or antibiotics in creep feed. After weaning, all pigs were transferred to the disease containment chambers and randomly assigned to treatments in a randomized complete block design with weight within sex as the blocks and pig as the experimental unit. Pigs were housed in the individual pens for 15 d [4 d before and 11 d after the first E. coli challenge (d 0)]. There were a total of 64 individual pens, 4 in each of 16 chambers, and all 4 diets were represented in each chamber. There were 2 suites of 8 chambers, and each suite was used for either E. coli-challenged or unchallenged pigs. The piglets had ad libitum access to feed and water.
The treatments were in a 2 × 4 factorial arrangement (with or without E. coli challenge; 4 dietary treatments). There were 8 replicates per treatment. In the E. coli challenge group, all pigs were inoculated orally with 3 mL F-18 E. coli/d for 3 consecutive days from d 0 postinfection (PI). The F18+ E. coli strain, derived from a field disease outbreak by the University of Illinois Veterinary Diagnostic Lab (isolate number: U.IL-VDL # 05-27242), also expressed heat-labile (LT), heat-stable b (STb), and Shiga-like (SLT-2) toxins and was provided at 10 10 cfu per 3-mL dose in PBS. This dose previously caused mild diarrhea (Song et al., 2012) . In the unchallenged group, pigs were inoculated for the 3 consecutive days with 3 mL PBS/d as the sham control (Sham). The 4 dietary treatments were the complex nursery basal diet (CON) and the addition of 10 ppm of capsicum oleoresin, 10 ppm of garlic botanical, or 10 ppm of turmeric oleoresin (Pancosma SA, Geneva, Switzerland) to the CON, respectively. Capsicum and turmeric are extracted oleoresins, which were standardized to 6% capsaicin and dihydrocapsaicin and 98% curcuminoides, respectively. Garlic botanical is a botanical extract from garlic and standardized to 40% propyl thiosulfonates. The basal diet was formulated to meet or exceed NRC (1998) estimates of requirements of weaned pigs (Table 1) . Spray-dried plasma, antibiotics, and zinc oxide were not included in the basal diet. The experimental diets were fed to pigs throughout the experiment.
Clinical Observations and Sample Collection
The procedures for this study were adapted from the methods of Song et al. (2012) . Before weaning, feces from sows and all their piglets destined for this experiment were collected and plated on blood and MacConkey agars and verified to be free of detectable β-hemolytic E. coli. After E. coli inoculation, 1 pig from the infected CON and 1 pig from the infected turmeric oleoresin treatment were culled at d 2 and 4 PI, respectively, because of severe diarrhea and weight loss. During the experiment, clinical observations (diarrhea score and alertness score) were recorded daily from the first day of inoculation (d 0). The diarrhea score of each pig was assessed visually each day by 2 independent evaluators, with the score ranging from 1 to 5 (1 = normal feces, 2 = moist feces, 3 = mild diarrhea, 4 = severe diarrhea, and 5 = watery diarrhea). The frequency of diarrhea was calculated by counting pig days with a diarrhea score of 3 or greater. The alertness score of each pig was assessed visually with a score from 1 to 3 (1 = normal, 2 = slightly depressed or listless, and 3 = severely depressed or recumbent). Every pig was alert throughout the experiment and was given an alertness score of 1 (normal) each day, thus the data are not reported.
After inoculation, fecal samples were collected from the rectum of each pig using a fecal loop or cotton swab on d 0, 3, 5, 8, and 11 PI and kept on ice to test for β-hemolytic and total coliforms. Blood samples were collected from the jugular vein of each pig with and without EDTA to yield whole blood and serum, respectively, before E. coli challenge (d 0) and on d 5 and 11 PI. Whole blood samples were used to measure the total and differential white blood cell (WBC) counts, and cytokines and acute phase proteins were measured in the sera. Pigs and feeders were weighed on the day of weaning (d -4), the first inoculation day (d 0), and d 5 and 11 PI. Growth performance (ADG, ADFI, and G:F) was determined for each interval from d 0 to 5, 5 to 11, and 0 to 11.
One-half of the pigs (2 males and 2 females from each treatment) were euthanized on d 5 PI near the peak of infection, and the remainder were euthanized at the end of the experiment (d 11 PI) during recovery (Song et al., 2012) . Before being euthanized, pigs were anesthetized by an intramuscular injection of a 1-mL combination of telazol, ketamine, and xylazine (2:1:1) per 23 kg BW. The final mixture contained 100 mg telazol, 50 mg ketamine, and 50 mg xylazine in 1 mL (Fort Dodge Animal Health, Fort Dodge, IA). After anesthesia, pigs were euthanized by intracardiac injection with 78 mg sodium pentobarbital (Sleepaway; Vortech Pharmaceuticals, Ltd., Dearborn, MI) per 1 kg of BW. Three 3-cm segments from the middle of the jejunum, the ileum (close to the ileocecal junction), and the middle of the colon were collected and fixed in 10% neutral buffered formalin for histological analysis.
Detection of β-Hemolytic Coliforms
The procedures for the detection of β-hemolytic coliforms were based on the methods of Song et al. (2012) . Briefly, fecal samples were plated on Columbia blood agar to distinguish hemolytic coliforms, which can lyse red blood cells surrounding the colony from the predominant flora, which are nonhemolytic coliforms. The fecal samples were plated on MacConkey agar to enumerate total coliforms. Hemolytic colonies from the blood agar were subcultured to MacConkey agar to confirm that they were lactose-fermenting bacteria and flat pink colonies. All plates were incubated 24 h at 37°C in an air incubator. Populations of both total coliforms and β-hemolytic coliforms on blood agar were assessed visually, with a score from 0 to 8 (0 = no bacterial growth, 8 = very heavy bacterial growth). The ratio of scores of β-hemolytic coliforms to total coliforms was calculated. Questionable colonies were subcultured on new MacConkey and blood agars, verified as the β-hemolytic E. coli challenge strain by using triple sugar iron and lysine iron agars reactions and as F-18+ E. coli by means of a PCR (DebRoy and Maddox, 2001 ).
Determination of Complete Blood Counts
Blood samples collected in EDTA were used to measure total and differential blood cell counts by the Veterinary Clinical Pathology Laboratory at the University of Illinois at Urbana-Champaign. A multiparameter, automated hematology analyzer calibrated for porcine blood (CELL-DYN 3700, Abbott Laboratories, Abbott Park, IL) was used for the assay. 
Measurements of Serum Cytokines and Acute Phase Proteins
Two proinflammatory cytokines (TNF-α and IL-1β) and 2 anti-inflammatory cytokines (IL-10 and TGF-β) were measured in the serum samples by porcine-specific ELISA according to the recommendation of the manufacturer (R and D Systems Inc., Minneapolis, MN). All samples were analyzed in duplicate. Briefly, standard, control, and samples were added to the wells with a coated monoclonal antibody specific for each cytokine. After incubation for 2 h, the unbound substances were washed away, and an enzyme-linked polyclonal antibody specific for the cytokine was added to the wells to sandwich the cytokine immobilized during the first incubation. A further 2 h of incubation was followed by a wash to remove any unbound antibody-enzyme reagent, and then a substrate solution was added to the wells and color developed in proportion to the amount of the cytokine bound in the initial step. The color development was stopped by adding the stop solution, and the intensity of the color was measured at 450 nm with the correction wavelength set at 530 nm. Concentrations were calculated from a standard curve. The procedures for TGF-β were similar to those described before, except for different incubation times. The IL-10 and IL-1β concentrations were less than the sensitivity of the ELISA kit for IL-10 (5.5 pg/mL) and IL-1β (13.6 pg/mL); therefore, they were not detectable in the serum samples.
The serum C-reactive protein (CRP) and haptoglobin (Hp) levels were also measured by commercially available kits (GenWay Biotech Inc., San Diego, CA). The procedures were similar to those described before, except for different incubation times. The intra-assay CV for TNF-α, TGF-β, CRP, and Hp were 5.2%, 3.5%, 4.1%, and 2.7%, respectively. The interassay CV for TNF-α, TGF-β, CRP, and Hp were 7.1%, 6.0%, 5.6%, and 6.2%, respectively. The results were expressed in picograms, nanograms, or micrograms per milliliter on the basis of a standard curve for cytokines and acute phase proteins.
Intestinal Morphology
The fixed intestinal tissues were embedded in paraffin, sectioned at 5 μm, and stained with hematoxylin and eosin. The slides were scanned (NanoZoomer Digital Pathology System; Hamamatsu Co., Bridgewater, NJ), and all measurements were conducted in the associated slide-viewing software (NDP.view; Hamamatsu Co.). Fifteen straight and integrated villi and their associated crypts were selected for measurement. The intestinal morphological measurements included villus height and crypt depth. Only crypt depth was measured in the colon because of the lack of villi in this part of the gastrointestinal tract.
Immunohistochemistry
The immunohistochemistry procedure was based on Janjatović et al. (2008) . The embedded ileal tissues were sectioned at 5 μm and placed on the microslides. Antigen retrieval for porcine neutrophils was performed by heating the slides in 10 mmol/L of sodium citrate solution (pH 6.0) for 20 min in a microwave, whereas that for porcine macrophages was treated with 0.1% trypsin for 20 min. Peroxidase activity was blocked by treating the slides with 0.3% aqueous hydrogen peroxide solution for 30 min at room temperature. Slides were then respectively incubated for 30 min with porcine neutrophil-specific antibody PM1 (BMA Biomedicals, Augst, Switzerland) diluted 1:200 with PBS or porcine macrophage-specific antibody MAC387 (Abcam, Cambridge, MA) diluted 1:1,000 with PBS. Antibody binding was visualized by using the avidin-biotin complex, and the diaminobenzidine (DAB) chromogen (Biogenex, Fremont, CA). Hematoxylin (Biogenex) was applied as a counter stain. Slides incubated without the primary antibodies but with PBS were used as negative controls. Images were captured (NanoZoomer Digital Pathology System; Hamamatsu Co.), and all measurements were conducted in the associated NDP.view software. Fifteen straight and integrated ileal villi were selected for measurement. The unit was the number of cells per square millimeter.
Statistical Analysis
Data were analyzed using the PROC MIXED of SAS (SAS Inst. Inc., Cary, NC) with a randomized complete block design. Pig was the experimental unit. The statistical model included effects of E. coli challenge, diet, and their interaction as fixed effects. Block was a random effect. Specific contrasts were used to test comparisons between the control and the PE treatments collectively within each challenge treatment. Differences among the PE treatments within each challenge treatment were tested by pairwise comparisons when the overall main effect was significant. The chi-squared test was used for the frequency of diarrhea. Probability values of £0.05 were considered to be significant.
RESULTS

Growth Performance
Before E. coli infection, dietary PE did not affect pig performance compared with the sham control (data not shown). Several E. coli-challenged pigs did not gain BW from d 0 to 5 PI, rendering the G:F values meaningless; thus, those data are not presented. Challenge by E. coli decreased (P < 0.05) the BW of pigs on d 5 and 11 PI and the ADG and G:F from d 0 to 5 and 0 to 11 PI (Table 2) . Among the unchallenged pigs, those fed the PE treatments grew faster (P < 0.05) than CON during the early part of the experiment and tended to grow more slowly later (P = 0.051), resulting in no dietary effects when examined over the entire period. There were no differences among the PE treatments.
Diarrhea Score and Cultural Score
The E. coli challenge increased (P < 0.05) diarrhea scores from d 3 to 11 PI and increased (P < 0.05) the overall frequency of diarrhea (Table 3 ). The PE treatments in the E. coli-challenged group reduced the diarrhea score (P < 0.05) from d 3 to 5 and d 9 to 11 PI and the frequency of diarrhea (P < 0.05) for the entire period.
In the sham group, the PE treatments reduced (P < 0.05) the diarrhea score from d 0 to 2 PI and the frequency of diarrhea for the entire period compared with the CON. Pigs fed garlic botanical and turmeric oleoresin had a lower (P < 0.05) diarrhea score from d 9 to 11 PI compared with those fed capsicum oleoresin.
No treatment effects were found for the ratio of β-hemolytic coliforms to total coliforms on d 0; thus, data are not presented. The E. coli challenge increased (P < 0.05) the ratio of β-hemolytic coliforms to total coliforms on d 3, 5, 8, and 11 PI compared with the sham group (Table 4) , and PCR tests verified those hemolytic coliforms had the gene for F-18 fimbria. No PE effects were found on the culture score of feces in either the sham or challenged groups. The fecal β-hemolytic coliforms found in feces from the sham group were not positive for F-18 E. coli when tested by PCR. 2 Sham = unchallenged; E. coli = E. coli challenged, CON = control diet, CAP = control diet plus 10 g capsicum oleoresin/t, GAR = control diet plus 10 g garlic botanical/t, and TUR = control diet plus 10 g turmeric oleoresin/t.
3 E. coli = E. coli challenge effect, diet = diet effect, and E × D = interaction effect between E. coli and diet. 4 Contrast between CON and the 3 plant extract treatments within the sham or E. coli challenge group. 5 No. of pigs = number of live pigs. 6 No gain = number of pigs that did not gain BW.
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Complete Blood Counts
No treatment effects were found for the total and differential WBC counts and red blood cells (RBC) on d 0; thus, data are not shown here. The E. coli challenge tended to increase the number of total WBC on d 5 (P = 0.091) and increased it on d 11 PI (P < 0.05) compared with the sham group, but the PE treatments in the E. coli-challenged group decreased (P < 0.05) total WBC (Table 5 ). There were no differences among the PE treat- 2 Sham = unchallenged, E. coli = E. coli challenged, CON = control diet, CAP = control diet plus 10 g capsicum oleoresin/t, GAR = control diet plus 10 g garlic botanical/t, and TUR = control diet plus 10 g turmeric oleoresin/t.
3 E. coli = E. coli challenge effect, diet = diet effect, and E × D = interaction effect between E. coli and diet.
4 Contrast between CON and the 3 plant extract treatments within the sham or E. coli challenge group. 5 Diarrhea score = 1, normal feces; 2, moist feces; 3, mild diarrhea; 4, severe diarrhea; and 5, watery diarrhea.
6 Pig days = number of pigs × the number of days of diarrhea scoring.
7 Frequency = number of pig days with diarrhea score ³3. Statistical analysis was conducted by a chi-squared test. 2 Score of bacterial growth = 0, none; 1, rare; 2, a few; 3, very light; 4, light; 5, moderate; 6, very moderate; 7, heavy; 8, very heavy.
3 Coliform = total coliforms; β-hemolytic = β-hemolytic coliforms; and β-hemo., ratio = ratio of β-hemolytic coliform score to total coliform score.
4 Sham = unchallenged, E. coli = E. coli challenged, CON = control diet, CAP = control diet plus 10 g capsicum oleoresin/t, GAR = control diet plus 10 g garlic botanical/t, and TUR = control diet plus 10 g turmeric oleoresin/t. 5 E. coli = E. coli challenge effect, diet = diet effect, and E × D = interaction effect between E. coli and diet.
6 Contrast between CON and the 3 plant extract treatments within the sham or E. coli challenge group.
at Acquisitions Dept on December 17, 2013 www.journalofanimalscience.org Downloaded from ments. Similarly, the E. coli challenge increased (P < 0.05) the number of neutrophils on d 11 PI, but the PE treatments in the E. coli-challenged group decreased (P < 0.05) the number of neutrophils. There were no differences among the PE treatments.
The E. coli infection increased (P < 0.05) hemoglobin on d 5 and mean corpuscular hemoglobin concentration on d 5 and 11 PI (Table 6 ), but the PE treatments had no effect. In the E. coli-challenged group, the supplementation of the PE in diets reduced (P < 0.05) RBC, hemoglobin, and packed cell volume on d 11 PI compared with the CON. No PE effects were observed in the sham group.
Serum Cytokines and Acute Phase Proteins
A proinflammatory cytokine, TNF-α, and an antiinflammatory cytokine, TGF-β, were detected in the serum of all pigs (Table 7) . There were no effects of dietary PE supplementation on serum TNF-α before the E. coli challenge, but PE reduced (P < 0.05) TGF-β compared with the CON. The E. coli challenge increased (P < 0.05) serum TNF-α on d 5 PI, but the PE treatments in the E. coli challenge group reduced (P < 0.05) serum TNF-α compared to the CON. There were no differences among the PE treatments on serum TNF-α. In addition, the E. coli challenge reduced (P < 0.05) TGF-β on d 11 PI, but the PE treatments did not show any effect.
Two acute phase proteins, CRP and Hp, were measured in the serum of all pigs (Table 7) . The E. coli infection increased (P < 0.05) serum Hp levels on d 5 and 11 PI, but the PE treatments in the E. coli challenge group reduced (P < 0.05) Hp level on d 5 PI and tended (P = 0.074) to reduce Hp level on d 11 PI compared with the CON. In the sham group, feeding PE decreased (P < 0.05) serum Hp concentration on d 5 PI compared to the CON. The 3 PE tested here showed different effects on Hp, as pigs fed capsicum oleoresin and garlic botanical had less (P < 0.05) Hp than those fed turmeric oleoresin on d 5 PI and pigs fed garlic botanical had less (P < 0.05) Hp than those fed capsicum oleoresin and turmeric oleoresin on d 11 PI. No treatment effects on CRP were detected on either d 5 or 11 PI.
Intestinal Morphology
The E. coli challenge reduced (P < 0.05) the villi height of the jejunum and ileum on d 5 PI, but the PE treatments in the E. coli-challenged group tended to increase (P = 0.093) jejunum villi height and increased (P < 0.05) ileal villi height compared with the CON. In addition, E. coli infection decreased the villus height:crypt depth ratio of the jejunum and ileum and the crypt depth of the colon on d 5 PI and the villus height:crypt depth ratio of the jejunum on d 11 PI but increased (P < 0.05) 2 WBC = white blood cells, Neu = neutrophils, Lym = lymphocytes, Mono = monocytes, Eos = eosinophils, and Baso = basophils.
3 Sham = unchallenged, E. coli = E. coli challenged, CON = control diet, CAP = control diet plus 10 g capsicum oleoresin/t, GAR = control diet plus 10 g garlic botanical/t, and TUR = control diet plus 10 g turmeric oleoresin/t. 4 E. coli = E. coli challenge effect, diet = diet effect, and E × D = interaction effect between E. coli and diet.
crypt depth of the jejunum on d 11 PI. However, there were no PE effects for these measurements (Table 8) .
Immunohistochemistry
The E. coli infection increased (P < 0.05) the recruitment of macrophages and neutrophils in the ileal villi of pigs (Fig. 1, Table 9 ), but the PE treatments reduced (P < 0.05) the number of macrophages and neutrophils in challenged pigs on d 5 PI compared with the control diet. In the sham group, feeding PE reduced (P < 0.05) the number of macrophages on d 5 and 11 PI and neutrophils on d 11 PI.
DISCUSSION
Escherichia coli that express F18 fimbria are a major cause of diarrhea and mortality of postweaning pigs (Nagy et al., 1997) . The results reported here indicate that feeding PE to weaned pigs challenged with F18 E. coli reduced diarrhea and inflammation caused by the E. coli challenge, as indicated by reducing WBC, proinflammatory cytokines, acute phase proteins, and neutrophil and macrophage recruitment in the small intestine. The supplementation of the PE to the E. coli-challenged pigs improved the gut health as indicated by increasing villus height of the small intestine. These findings are in agreement with previous data showing an improvement of gut health and immune responses in piglets fed different PE (Manzanilla et al., 2004; Michiels et al., 2010; Wang et al., 2011) .
The present experiment clearly shows a reduction of diarrhea by feeding PE to weaned pigs in the E. coli challenge group. These results are supported by observations reported by Shoba and Thomas (2001) and Gutiér-rez et al. (2007) , which indicated many PE had antidiarrheal activity by inhibiting gastrointestinal motility and prostaglandin E-induced enteropooling and stimulating water absorption. Other potential mechanisms might also be involved in the reduced diarrhea in the E. coli challenge group. First, PE may directly affect the activity of pathogenic E. coli by killing or inhibiting bacterial proliferation or toxin secretion (Hammer et al., 1999) . Second, PE may improve gut health by strengthening gut barrier function, resulting in some protection against bacteria or their toxins or both (Karmouty-Quintana et al., 2007; Park et al., 2011) . Third, PE may enhance the gastrointestinal immune system or the systemic immune system or both, which indirectly improves pig health and reduces diarrhea of pigs (Manzanilla et al., 2004; Michiels et al., 2010; Wang et al., 2011) . The other mea- 2 HGB = hemoglobin, HCT = packed cell volume, MCV = mean corpuscular volume, MCH = mean corpuscular hemoglobin, MCHC = mean corpuscular hemoglobin concentration, and RDW = red cell distribution width.
surements in the present study may help to elucidate these potential mechanisms. Plant extracts have been proposed as alternatives for antibiotics because of their significant antimicrobial effects (Baydar et al., 2004; Sökmen et al., 2004) . However, in the present experiment, the low dose of PE was used to test feeding PE on immune responses of pigs challenged with E. coli rather than the antimicrobial effects of PE. The supplementation level of the 3 PE tested in the current experiment was 10 ppm, less than the levels often tested, such as from 20 to 1,000 ppm, depending on the source of plants and methods of extraction (Manzanilla et al., 2004; Allan and Bilkei, 2005) . The low level was chosen to avoid impairment of feed intake because of poor palatability and as a test of an economical intervention. As expected, the supplementation of PE did not affect the proportions of β-hemolytic coliforms in feces of E. coli-challenged pigs, despite the reduction of diarrhea. The reduction of diarrhea and nonreduction of β-hemolytic coliforms from this experiment indicate that even levels of PE too low to be antimicrobial may have beneficial effects on pig health, probably by regulation of the immune system. Moreover, the low supplemental level of PE minimizes the cost of their use.
Total WBC counts are used commonly to estimate the risk of serious bacterial infection, and an increase in the number of WBC indicates the presence of systemic inflammation (Gordon-Smith, 2009 ). The present study shows the E. coli infection induced marked increases in WBC and lymphocytes on d 5 and WBC, neutrophils, lymphocytes, and monocytes on d 11 PI. These are consistent with results reported by Song et al. (2012) , who used the same strain and dose of E. coli in a challenge study with weaned pigs. The present study also shows the supplementation of PE decreased WBC, neutrophils, and lymphocytes, indicating the PE tested in this study may be beneficial for pig growth performance as the PE attenuate the systemic inflammation caused by E. coli infection. In agreement with these findings, Wang et al. (2011) reported that dietary fermented garlic powder reduced the number of WBC of pigs challenged with LPS. Otherwise, in the normal conditions, Czech et al. (2009) also observed that pigs receiving herbal extracts, such as garlic bulbs, had a better health condition with fewer WBC.
Consistent with the increased WBC population in the E. coli-infected pigs, an increased TNF-α was observed in the serum of pigs in the E. coli challenge group. Inflammation is mediated by increased production of proinflammatory cytokines. Among these, 2 TNF-α = tumor necrosis factor-α, TGF-β = transforming growth factor-β, CRP = C-reactive protein, and Hp = haptoglobin.
TNF-α is one of the most important cytokines released from a variety of porcine immune cells, especially macrophages/monocytes, in response to bacterial cell wall products and bacterial toxins. Therefore, systemic levels of TNF-α have been recorded as an indicator of the extent of inflammation in the circulation of pigs after intravenous entertoxin administration and during fatal gram-negative sepsis (Jesmok et al., 1992; Maeda et al., 1993; Frank et al., 2003) . The reduction of serum TNF-α by feeding PE to E. coli-infected pigs in the present experiment indicates that PE might reduce the inflammation induced by E. coli. Wang et al. (2011) also reported that LPS-challenged pigs fed fermented garlic powder had a lower TNF-α than those fed the control diet. Otherwise, many in vitro studies have demonstrated the anti-inflammatory effects of several PE (Lang et al., 2004; Lee et al., 2007) . Our previous in vitro study also found all 7 PE tested, including the 3 PE tested here, are anti-inflammatory, as shown by inhibition of TNF-α secretion from LPS-stimulated porcine alveolar macrophage . Results of both WBC and TNF-α in the present experiment clearly showed feeding dietary PE may alleviate the overstimulation of the systemic immunity and early immune response of pigs infected with E. coli. The modes of action for the immune-regulating activity of PE are still not clear. Feeding PE did not affect the concentration of TGF-β in the current experiment, indicating mechanisms other than the secretion of anti-inflammatory cytokines might contribute to the reduced TNF-α and WBC. However, in vitro evidence indicates that these effects are mediated, at least in part, by blocking the NF-κB pathway (Aggarwal and Shishodia, 2004) . The proinflammatory cytokines, such as TNF-α, IL-1β, and IL-6, are important inducers of the synthesis of acute phase proteins, such as CRP and Hp, by hepatocytes (Carroll et al., 2004) . In the present study, the E. coli infection did not change serum CRP levels but increased Hp compared with the sham group. The greater response of Hp compared to CRP was also found in pigs infected with PRRSV (Che et al., 2011; Liu et al., 2011b) . Haptoglobin has also been reported to develop 2 Sham = unchallenged, E. coli = E. coli challenged, CON = control diet, CAP = control diet plus 10 g capsicum oleoresin/t, GAR = control diet plus 10 g garlic botanical/t, and TUR = control diet plus 10 g turmeric oleoresin/t.
3 E. coli = E. coli challenge effect, diet = diet effect, and E × D = interaction effect between E. coli and diet. 4 Contrast between CON and the 3 plant extract treatments within the sham or E. coli challenge group.
5 VH:CD = villi height:crypt depth.
at Acquisitions Dept on December 17, 2013 www.journalofanimalscience.org Downloaded from in pigs during infections with various other bacteria, such as Bordetella bronchiseptica, Pasteurella multocida, Actinobacillus pleuropneumoniae, and Streptococcus suis (Hall et al., 1992; Knura-Deszczka et al., 2002; Francisco et al., 2004) . The reduction of serum Hp concentrations caused by the PE tested in the present experiment may reflect reductions in the severity of the disease or in the intensity of inflammation.
The E. coli infection affected not only the systemic inflammation but also the specific local inflammatory responses in the small intestine. In the present study, increased neutrophil and macrophage recruitment in the ileum was detected in the E. coli-infected pigs. Neutro- phils and macrophages are closely related phagocytic cells in the inflammatory process (Soehnlein and Lindbom, 2010) . During the inflammatory response, neutrophils are the first cells to migrate into tissue sites of infection as part of the host defense system (Fournier and Parkos, 2012) . Shortly after the arrival of neutrophils to the infected sites, they can secrete monocyte chemoattractants that contribute to the recruitment of other immune cells, such as macrophages, as a secondwave inflammatory response (Mantovani et al., 2011) . Both neutrophils and macrophages can facilitate resolution of inflammation by phagocytizing bacteria and their particles and releasing large amounts of mediators. However, excessive recruitment and accumulation of activated neutrophils are generally considered to be passive components of the resolution of inflammation because neutrophils induce the excessive production of inflammatory mediators by other immune cells. The fate of neutrophils is death followed by rapid elimination by macrophages (Fournier and Parkos, 2012) . Feeding PE reduced the recruitment of macrophages and neutrophils in the ileum of E. coli-infected pigs, evidence that PE reduce not only systemic inflammation but also local inflammation. This finding also supports the beneficial effects of feeding PE on gut health. The STb toxin secreted by E. coli is able to induce partial villus atrophy in young pigs (Rose et al., 1987) . In the present study, infection with F18+ E. coli with LT, STb, and SLT-2 toxins decreased the villus height in the jejunum and ileum compared with the sham group. Similarly, previous researchers also reported reduced villus height and villus volume of pigs infected with E. coli (Yi et al., 2005; Liu et al., 2010) . The reduction of villus height related to the absorptive capacity of the mucus membrane (Buddle and Bolton, 1992) could induce decreased absorption of nutrients, which may be responsible for the reduced growth performance. However, the present study showed the pigs fed PE had higher villus height compared with the CON in the E. coli-challenged group, which indicates the PE tested may benefit gut health. In addition, PE from garlic, ginkgo biloba extract, and the mixture of carvacrol, cinnamaldehyde, and capsaicin have been reported to increase the tightness of tight junctions (Park et al., 2011) , attenuate mucosal damage (Mustafa et al., 2006) , and increase mucus synthesis (Jamroz et al., 2006) , which may improve the gut health and prevent the villus atrophy in E. coli-infected pigs.
In the present experiment, E. coli infection sharply reduced growth rate and feed efficiency, which has been shown in other studies (Yi et al., 2005; Song et al., 2012) . Other researchers (Tsinas et al., 1998; Sads and Bilkei, 2003) have reported modest positive effects of PE on growth performance, but the present experiment was unable to test those effects. Detection of small dietary effects on growth performance requires many pigs, far more than can be included in an intensive experiment such as the present one.
In conclusion, feeding PE alleviated diarrhea in weaned pigs and partially counteracted the inflammation induced by an F18+ E. coli challenge. Feeding PE reduced serum TNF-α and haptoglobin, decreased white blood cells and lymphocytes, and mitigated villus atrophy after E. coli challenge. All 3 PE tested in the present study may be beneficial in preventing pathogenic infection and maintaining normal intestinal integrity and function. Differences among the 3 PE were observed in several responses, and further studies are needed to investigate the mechanisms through which each plant extract produces these benefits. Results of this experiment indicate that a low level of dietary PE can be used in pig diets to improve pig health, especially alleviating postweaning diarrhea.
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